A sequence of laboratories is presented which have been designed to maximize student involvement in the design as well as execution of the laboratory exercises. The student works quite independently, starting with the simplest plant and control model, and a relatively structured identification experiment, controller design and performance assessment. The student moves to self-designed system identification and controller design. The cap stone of the course is a competitive controls application which challenges the students command of the theoretical tools as well as thoroughness and accuracy of experimental technique.
Introduction
The education literature provides many examples of high quality laboratory instruction programs in controls engineering (e.g. [l, 2, 41) . One challenge to designing any laboratory program is to involve the student in discovery learning, as opposed to closely directed verification of physical principles. The education literature makes clear that student involvement in the design as well as implementation of a laboratory exercise is an important contributor to two-year retention of the concepts presented 131 .
The controls laboratory sequence presented here has been designed to meet the challenge of incorporating discovery learning. The laboratory sequence evolved incrementally over a period of four years during which time it gradually became clear that system identification could be used as a vehicle for increasing the students participation in the discovery process. In our first efforts, complete models were given the student and multi-term controllers were tested from the outset. Today, the student starts with a blank sheet of paper and each controller is designed by the student based on a model he or she has identified.
The semester culminates in a master-slave servo tracking problem in which the student implements control for a servo which must track a progressively more agile target. The final project is competitive, in the sense that each group's time to loss-of-target is measured, and corresponds to high-bandwidth performance of the engineered control.
The laboratory sequence is used in the Electrical Engineering program at the University of WisconsinMilwaukee with the first course in controls. This is an elective course usually taken by Electrical Engineering majors in the senior year. The course syllabus covers the traditional collection of topics, starting with Laplace transform and modelling, and concluding with design using root locus.
The Laboratory Sequence
The laboratory sequence comprises five laboratory exercises which are outlined in table 1. The apparatus is a servo unit with DC motor and a potentiometer for position sensing. The electrical layout is illustrated in figure 1. During the first three labs, velocity is the control variable. Velocity is servoed to achieve a type4 system, so that open-loop and one-term (proportional only) control can be done. In labs 4 and 5, position is the control variable. Step Response, Disturbance Rejection, Parameter Variation
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2.1.b Lab 2 Activities
The first activity of the student in laboratory 2 is to develop the laboratory procedure itself, which is prepared from a description of the laboratory objectives. The students investigate the correlation between loop gain and rise time, steady-state error and peak motor command, as well as sensitivity to parameter variation and torque disturbance.
Parameter variation is introduce by increasing the series armature resistance of the servo motor from 6.4 to 16.4 R. A disturbance torque is introduce by laying the motor servo on its side, as seen in figure 2.
2.2; The third lab, first order model identification
As with the first and second, the third laboratory opens with a focus on system identification. Model complexity and performance objectives are extended by moving to a first order plant model and PI-type control.
The topic of model complexity as a designer choice is introduced.
der model are explored. The controller structure, also used for closed-loop control in labs 1 and 2, is shown in figure 2. Responses to sinusoidal inputs are also explored in laboratory 3, to prepare the students to design an experiment for system identification from frequency response in laboratory 4.
2.3: The fourth lab, second order model identification, student-designed experiments
With the 4h lab, use shifts from the type-0, velocitycontrolled system to a type-1 position-controlled system. By this point in the semester, the analysis tools are available to understand the implications of a pole at che origin as well as the dynamics of a second order system.
During the prelab, a model identification procedure based on step response (from peak time and percent overshoot) is introduced, as well as identification from frequency response data using the MATLAB function invfreqs. The later method has the advantage of extensibility to a 4* order model which captures a flexible mode that is important for achieving maximum closedloop tracking performance.
In prelab 4, the students are tasked:
"To design 3 experiments that you will carry out in lab. Each experiment design must consider these factors:
1.
.
3.
4.

5.
The
Consideration of what result is sought, how the result will be determined, and how its uncertainty wi 11 be determined.
How the apparatus will be configured, tested and calibrated (including choice of reference input, controller, controller parameters, etc.)
What range of inputs to test, i.e. what the smallest input should be, the largest, the lowest frequency and the highest, etc.
How many data points to collect (this requires consideration of how the result and uncertainty will be calculated).
A general notion of anticipated results, so that you can verify that the experiment is working correctly while you are running it." students design three identification experiments: two directed toward plant transfer functions, and the third toward error transfer function. They must draw on their experience-identifying one-and twoparameter models for the plant, as well as operating the servo hardware and software. Their experiment designs -as distinct from their results in the laboratory -are critically graded with respect to items 1-5, above.
The format for the laboratory report is quite open:
"Think of your laboratory report as a project report that you are writing as a consultant-subcontractor to a company with a major prime contract. Your report should be concise, and yet sufficiently complete to be useful. It should include :
1. A short abstract, describing what parameter was observed, how it was measured and summarizing the measurement. 
4.
5.
(Completeness obviously conflicts with conciseness.
Two suggestions: don't repeat and use illustrations.)
Measured data and a description of the process by which it was analyzed, the later sufficiently complete that the analysis can be reproduced. Because measurements are involved, the analysis must include uncertainty analysis.
The result, including uncertainty.
Interpretation of the result. (What is the meaning or implication your the result. This part should include important tests of internal consistency.)"
2.4: The fifth lab: Staying on target
In the fifth and final lab, the student is tasked to design a high-bandwidth PID position-controller for the motor servo. He or she will bring to bear on this task root-locus design techniques as well as simulation using the signals similar to those being tracked.
The apparatus is configured as shown in figures 3 and 4. As seen in figure 3 , the output shafts of two SRV-02 motor servo units are connected by a wire link. The link slides in a groove in the block on the target unit, and rotates in a bushing on the tracker unit. As the target moves, the tracker must follow to keep the wire in the groove. The block and groove are 2 cm wide, allowing +/-1 cm of motion error before the wire will fall out. The motion command to the target progressively increases in speed, and the challenge is to keep the tracker on the target ( before lab using the model identified with data from laboratory 4 and root locus and simulation techniques, and the performance of a controller tuned in lab. In part to balance the extensive reporting required in laboratory 4, and in part to reduce the heat at the end of the semester, the reporting requirement is modest:
"Write a short report (1 page maximum, not including figures) describing the most important aspects of how you arrived at your controller design."
Facilities
These laboratory exercises are carried out with motor servo hardware built by Quanser Consulting, Toronto, Canada; Keithley-Metrabyte DAS 1602 A/D and D/A cards; and a custom C language controller which implements a menu driven system fox selecting events and controllers, capturing data, etc.
Conclusion
A sequence of laboratories is presented which have been designed with the goal of maximizing student involvement in the design as well as execution of the laboratory exercises. While an element of verifying the results of lecture-presented analysis remains, the main thrust of the laboratory sequence is student involvement in student-designed laboratory exercises. The student works quite independently, starting with the simplest plant and control model, and a relatively structured identification experiment, controller design and performance assessment. The student moves to self-designed identification experiments and controller design. The cap stone of the course is a competitive controls application which challenges the student's command of the theoretical tools as well as thoroughness and accuracy of experimental technique.
